1. External counting of radioactivity over the lung has been used to measure the size of the interstitial compartment and transvascular albumin fluxes under normal and pathological conditions in the lungs of open-chested ventilated dogs.
Introduction
Certain forms of pulmonary oedema may be caused by changes in the permeability of the vascular endothelium (Brigham, 1978; Staub, 1978) . Satisfactory quantitative data about these conditions have been gathered mainly from studies on pulmonary lymph. We have developed and described a method for measuring transcapillary albumin fluxes and the size of the interstitial compartment (Prichard & Lee, 1979) . The technique involves the intravenous injection of compartmental markers and albumin labelled with 12sI followed by external counting of radioactivity. It has been tested satisfactorily in the lungs of healthy open-chested ventilated dogs, but has not yet been used in pathological studies.
In this paper the method is applied to situations in which the flux of serum albumin across the capillary wall is altered (Brigham, 1978; Staub, 1978) . These conditions included raising of hydrostatic pressure, lowering of oncotic pressure, damage to the capillary wall by alloxan, Gram-negative bacteraemia and a period of haemorrhagic hypertension. The results are compared with data obtained by other authors for validation of the technique. In addition, since the method allows simultaneous measurement of the interstitial volume and transvascular serum albumin flux, the data may provide further information on the mechanism of oedema in these situations.
The external counting method

Theory and outline
The sizes of the intravascular and interstitial spaces are measured first. Then the intravascular and interstitial concentrations of '251-labelled serum albumin are followed over a period of 90 min after its intravenous injection so that its transvascular flux may be calculated with a simple two-compartment model. A full description has been given elsewhere (Prichard & Lee, 1979) but this resume indicates where the mathematical treatment has been modified.
Measurements of water compartments
An extracellular space marker was injected intravenously into an open-chested ventilated dog; 2-3 pCi of sodium [lZJIliodide (with a correction for erythrocyte penetration) was used. Thin lead shielding was placed behind the portion of the lung to be studied and after 20 min a calibrated detector was placed at the surface of the exposed lung. The lung was inflated to a steady transpulmonary pressure of 10 cm water for 20 s. The counter recorded a count rate which was a function of the extracellular volume seen by the detector and the concentration of labelled marker in the extracellular compartment. From the count rate, marker concentration, measured attenuation coefficient of the tissue and tissue thickness, the volume was calculated. A vascular space marker (10-15 rCi of '251-labelled serum albumin) was then injected. After 10 min of equilibration, the external counter detected gamma radiation from the first and second markers. The counts from the second marker were calculated by subtraction and the vascular volume was determined.
The method is satisfactory in normal lung but oedema may affect the calculation in two ways. First, the gamma ray attenuation coefficient increased. This did not present a problem for, in each of the experiments in which tissue water increased, we were able to measure the final attenuation coefficient in situ. Secondly, oedema and vascular congestion might increase lung density and increase the mass of tissue within the counting volume. We were unable to correct for this, but, under the conditions we used, the effect is likely to be small (Hughes, May & Widdicombe, 1958; Staub, 1974) .
Serum albumin dynamics of the interstitial space
Labelled serum albumin was injected intravenously and its concentration in the interstitial and plasma compartments was followed over 1-5 h as it moved across the capillary wall. The plasma concentration was measured directly and the interstitial concentration was calculated from the isotopic measurements. We analysed the results in terms of a two-compartment system consisting of interstitial and plasma spaces.
Previously (Prichard & Lee, 1979) we had assumed that serum albumin crossed the capillary wall by diffusion. In this paper we use a more general transport equation without making assumptions about the nature of the flux.
The rate at which labelled serum albumin accumulated in the interstitial space may be described by eqn. (I),
where VI is the volume of the interstitial space and C,, and C,, are the concentrations of labelled serum albumin (z) in plasma and interstitial space. a and /? are rate constants: the former for tracer flux into the pulmonary interstitial space (transvascular transfer coefficient) and the latter for removal from it. The transfer coefficient a combines a permeability and surface area product, together with a convective flux term, and merely relates the rate of serum albumin movement into the interstitial space to plasma concentration. Similarly /?, which describes the rate of serum albumin removal from the interstitial space, is itself the sum of two empirical coefficients: one for lymphatic drainage and the other for transcapillary transfer.
Integration of eqn.
(1) gives eqn. (2).
This integration may be performed over two time periods (to to t,; to to t 2 ) generating two simultaneous equations from which a and /? may be calculated after the values of the integrals have been determined by numerical methods. The previous method of calculation used (Prichard & Lee, 1979) assumed no change in the volume of interstitial space during the experiment. However, in the present studies with alloxan, the size of the interstitial compartment increased progressively. To calculate transfer coefficients in these circumstances, we assumed that the increase between measurements was linear with time.
The time taken for labelled serum albumin to reach half its equilibrium concentration (t,,J in the interstitial space was also calculated assuming the space was not increasing in size. Theoretically, this is valid only if C,, is constant, but there is a small but steady fall (approximately 2.5%/h). However, t,,, is a useful method for comparing our data with others and the error in assuming that C,, is constant is not large. Taking C,, to be constant, a solution of eqn. (2) for the initial conditions C,, = 0, t = 0 is shown by eqn. (3), from which an iterative method was used to find best-fit values for a and / 3 and the value of tIIT
Expression of results
Compartment volumes are expressed as m l / l O ml of inflated lung at 10 cm water transpulmonary pressure; t,,, is expressed in h. Values of transvascular transfer coefficient (4 are related to intravascular volume, for a contains a term for the area over which exchange takes place, and this will vary with intravascular volume. Intravascular volume may change as a result of distension or recruitment of vessels or both. In the former case, the change in exchanging area for any volume change will be less than in the latter. By relating transfer coefficient to vascular volume, we ensured that we did not overestimate any change which occurred, but we could not take into account any relative redistribution between exchanging and non-exchanging vessels. The units of a are ml h-I 10 ml-I of intravascular water.
Experimental techniques
The techniques have been described previously (Prichard & Lee, 1979) . Dogs of between 10 and 15 kg body weight were used. Measurements were made directly on the exposed lung after the animal had been anaesthetized, artificial ventilation started and the chest wall opened. Continuous measurements were made of ECG, arterial pressure, pulmonary artery pressure and left atrial pressure by the methods of Reuben, Gersh, Swadling & Lee (1970) , except that the bottom of the left atrium was taken as the hydrostatic baseline. Cardiac output and central blood volume were measured by cardiogreen dye dilution at half-hourly intervals. Pulmonary vascular resistance was calculated from the flow and pressure measurements. Capillary pressure was estimated from the arterial and venous pressures by assuming that 0.4 of the vascular resistance lay on the venous side of the circulation (Brody, Stemmler & Dubois, 1968) . Total serum protein and albumin concentrations were measured at the beginning and at the end of each experiment. Pa,o,, Pa,co, and plasma pH were measured regularly. At the end of the experiment, the animal was killed whilst under anaesthesia. Analytical and radiochemical methods were as previously described (Prichard & Lee, 1979) .
Study of normal animals
The experimental procedures were as described previously (Prichard & Lee, 1979) . Transvascular transfer coefficient (4 and the time to reach half-equilibrium concentration (tlJ were calculated as described above.
Elevation of pulmonary capillary pressures and reduction of plasma oncotic pressure
Capillary hydrostatic pressure was raised at normal oncotic pressure by an initial transfusion of 55-70 ml/kg of whole blood over 30 rnin through a heating coil and filtration system (Pall Ultipor, Pall Biomedical, Portsmouth, U.K.) and was maintained by small retransfusions. Plasma oncotic pressure was reduced without change in capillary hydrostatic pressure by infusion of 110 ml of sodium chloride solution (154 mmol/ 1 :saline)/kg body weight whilst approximately 350 ml of venous blood was withdrawn. Hydrostatic pressure was increased whereas oncotic pressure was decreased by an initial infusion of 180 ml of saline/kg followed by smaller infusions.
In each of the experiments, the intravascular and interstitial compartments were measured 40 min after a steady haemodynamic state had been established. Subsequently, the concentrations of labelled 'serum albumin in the plasma and interstitial space were estimated at 15 rnin intervals over 90 min so that the transvascular transfer coefficient could be calculated. At the end, the intravascular and interstitial volumes were again measured and tissue specimens were taken for histological examination.
Effect of alloxan
Pure crystalline alloxan [Sigma (London) Chemical Co., Poole, Dorset, U.K.] was dissolved in 50 ml of sterile saline and 100-150 mg/kg was infused intravenously over 5 min. Where the intravascular and interstitial volumes were studied alone, these were measured before the injection and then at half-hour intervals over 3 h. Where the transvascular transfer coefficient was measured, the compartments were first estimated 15 min after the injection had been given. Plasma and interstitial fluid concentrations of labelled albumin were followed at 15 min intervals during the subsequent 90 min. The compartments were again measured at the end of this period and tissue specimens were taken for histological examination.
Effect of haemorrhagic hypotension and subsequent correction
Blood was withdrawn into citric acid/dextrose packs (Baxter-Fenwald J2C) at a steady rate so that the mean systemic arterial pressure fell to 50 mmHg after 20-30 min. Subsequently, if the blood pressure dropped below 45 mmHg, blood was reinfused and if it rose above 50 mmHg bleeding was restarted. The mean blood pressure was maintained at approximately 50 mmHg for 90 min. After this, the blood which had been removed was retransfused intravenously over 30 min through the heating coil and filtration system. Forty minutes were allowed for stabilization before measurement of compartment sizes began and in the next 90 min the transvascular coefficient was assessed. Finally, the compartmental sizes were rechecked and tissue specimens taken.
Study of the effects of Pseudomonas pyocyanea bacteraemia
A stock culture of Pseudomonas pyocyanea, grown in 40 ml of tryptone-soya broth for 24 h, was centrifuged in a sterile container. The sedimented pellet was resuspended to produce a concentration of approximately 1O'O-10l2 organisms/ml. After sequential dilution lo6-lo8 organisms were injected intravenously. The intravascular and interstitial spaces were measured 3 h after the injection. The transvascular transfer coefficient was then measured over a period of 90 min and the sizes of the compartments were re-estimated before tissue specimens were taken.
Presentation of results and statistical methods
Results are presented as mean value k 1 SEM except where only three observations were made. Comparison of the mean values was carried out either by paired or unpaired Student's t-test. Regressions and confidence limits were calculated as described by Armitage (1971) .
Results
Changes in pulmonary capillary pressure and plasma protein concentrations
When pulmonary capillary pressure was raised by blood infusion (Table 1) the transvascular transfer coefficient for serum albumin (a) was significantly greater than normal and the time to reach half-equilibrium concentration (tl,J was less (Table 2 ). There was no change in the interstitial volume and in no case did the volume measured before determination of a differ from that after by more than 0.5 m1/100 ml of inflated lung. Where capillary pressure was increased by saline infusion so that the plasma-protein concentration fell (Table l) , the mean value of a was significantly greater than normal (Table 2 ) and the combination of raised hydrostatic pressure and reduced protein concentration produced an increased interstitial volume (Table l) , which remained constant throughout the period during which a was measured (maximum observed difference between volumes at the start and finish of the period; 0.4 m1/100 ml of inflated lung). Reducing the protein concentration by approximately half at normal capillary pressure, by simultaneous saline infusion and bleeding, did not increase the size of the interstitial compartment.
The mean value of a l a y between that in normal animals and that in those with elevated hydrostatic pressure, but there were insufficient data for a test of significance. When data were combined (Fig. 1) there was a significant regression of transvascular transfer coefficient on net intravascular force (hydrostatic pressure -oncotic pressure).
Effect of alloxan
Alloxan caused a progressive increase in the size of the interstitial compartment (Table 1, Fig.  2) . The mean value of a was greater than in normal animals ( Table 2 ) and each result lay outside the 95% confidence limits for the regression of aon net intravascular force (Fig. 3) .
Effects after haemorrhagic hypotension or Pseudomonas bacteraemia
In both cases, the transvascular transfer coefficient was greater than in normal animals ( Table 2 ) and each of the results lay outside the 95% confidence limits for the regression of ct on net intravascular force (Fig. 3) . The mean interstitial volume was not different from that in normal animals and there was no change greater than 0.4 m1/100 ml of inflated lung during any experimental period.
Histological examination
This revealed no evidence of tissue damage, although interstitial oedema was observed in lungs exposed to alloxan and, in one specimen 
1963).
Normal animals infused with Pseudomonas, occasional scattered clumps of Gram-negative rods could be seen.
Blood
Discussion
We have measured the water compartments and the transvascular transfer coefficient for '251-labelled serum albumin in the dog lung under normal and abnormal conditions by the use of external radioactive counting. Many of the problems of the new method have been assessed already (Prichard & Lee, 1979) , but two general points require amplification before the use of the technique in pathological studies is discussed. First, the suitability of sodium [lZSIliodide as a tracer for the extracellular space may be questioned for there is evidence that pulmonary smooth muscle (Bergofsky, 1969) and alveolar macrophages (Robin, Smith, Tanser, Adamson, Millen 8c Packer, 1971 ) contain chloride. Also discrepancies between the chloride space and the ['4Clsucrose space have been found for a number of species (Selinger, Bland, Demling & Staub, 1975) but not dog (Levine, Dell, Bowe & Hyman, 1974) . In both dogs and rats the directly measured [1Z511iodide and [ 14Clsucrose spaces in peripheral lung were not significantly different under our experimental conditions (see the Appendix). A further problem lies in the assumption that albumin distributes throughout the whole iodide space: the interstitial matrix has gel-like properties (Laurent, 1972) resulting in the exclusion of macromolecules, an effect which may itself vary with hydration. Although our data (Prichard & Lee, 1979 ) and those of Meyer & Ottaviano (1974) suggest that this exclusion is relatively small in dog lung any over-estimation s f V, would cause a corresponding overestimation of a.
Secondly, the values for t,,, in normal animals are shorter than those found by others. Our mean value for t ,,, in eight anaesthetized, open-chested ventilated dogs was 0.91 f 0.05 h. This contrasts with 5.6 f 1-96 h in 11 closed-chested dogs (Meyer & Ottaviano, 1974) , but shorter times of 1.5-4.0 h have been found in adult sheep (Vaughan, Erdmann, Brigham, Woolverton & Staub, 1972) and of 1.15 h in mature foetal lambs (Olver, Reynold & Strang, 1973) ; in rats, full equilibrium is achieved within 3 h (Studer & Potchen, 197 1). In closed-chested adult sheep, t,,, for transferrin (mol. wt. 76 000) measured either by collection of lung lymph or by external counting is 2.5 h (Gorin, Weidner, Demling & Staub, 1978) . We can find no obvious reason to account for our observations and there was no evidence of dissociation of lZ5I-labelled serum albumin in vivo (see the Appendix). Species differences may well exist; note also that the lungs were ventilated with continuous positivepressure ventilation with an open chest in contrast to the conditions in other experiments (Prichard & Lee, 1979) .
Effect of hydrostatic pressure changes and plasma-protein concentration changes
Neither lowering the plasma protein concentration to approximately half its normal level nor elevating pulmonary capillary pressure to 18-20 mmHg had a significant effect upon the size of the pulmonary interstitial compartment. However, when the capillary pressure was elevated at the same time that the protein concentration was lowered, then an increase in the amount of interstitial water did occur. These effects were similar to those described by Guyton & Lindsey (1959) . Our results show that there is a significant relationship between transvascular transfer coefficient and net intravascular force, but do not allow us to determine whether this resulted from increased permeability or convective flux (Lassen, Parving & Rossing, 1974) . In sheep, a similar increase in serum albumin flux with increased hydrostatic pressure has been demonstrated by lymph measurements (Erdmaim, Vaughan, Brigham, Woolverton & Staub, 1975) and in the transvascular transfer coefficient for 1131n-labelled transferrin by external counting (Gorin et al., 1978) .
EfSect of alloxan on water compartments and alveolar jlux
Alloxan given intravenously produced progressive oedema and the external counting method demonstrated a large increase in the interstitial compartment, as has been shown by Staub, Nagano & Pearce (1967) . We considered the possibility that alloxan caused iodide ,to penetrate into the intracellular compartment more readily, but could not show any differences between the ['4Clsucrose and [12511iodide spaces in rats under these conditions (see the Appendix). In alloxan oedema, the transvascular transfer coefficient for serum albumin was greater than in normal animals and the figures in Table 2 and Fig. 3 certainly underestimate the actual changes.
Since the values obtained lie outside the normal limits for the regression of c o n net intravascular pressure, these results suggest an increase in capillary permeability (Gruzhit, Peralta & Moe, 1951; Goetzman & Visscher, 1969) . We were unable to demonstrate any change in pulmonary vascular resistance, although Aviado & Schmidt (1957) suggested that the effect might be mediated through pulmonary venoconstriction.
Hypotension and Pseudomonas infusion
'Shock lung' and 'adult respiratory distress syndrome' are terms used to refer to a progressive respiratory failure, the earliest form of which is probably interstitial pulmonary oedema resulting from increased capillary permeability (Bredenberg, 1974) . The syndrome may follow hypotension and Gram-negative bacteraemia and we studied each of these. In both situations, the transvascular transfer coefficient increased to a degree which could not be explained by any alteration in net intravascular pressure (Fig. 3) ; this suggests an increase in permeability similar to that demonstrated by Brigham, Woolverton, Blake & Staub (1974) althoogh, after Pseudomonas infusion, our results cannot rule out constriction of postcapillary sphincters (Webb, Wax, Kusajima & Kamiyama, 1974) . However, in neither case did oedema develop; presumably, the insult which we applied was neither sufficiently protracted nor severe and the increased lymphatic drainage was able to keep pace with the increased transvascular fluxes.
APPENDIX
The method for measuring pulmonary water compartments and transvascular 1251-labelled albumin flux by external radioactivity counting is an indirect technique. Certain subsidiary direct experiments referred to in the main paper are described here.
Stability of 12SI-labelled serum albumin in vivo
Five pCi of 129-labelled serum albumin was injected into four dogs. Blood samples were taken at 1, 2 and 4 h and the plasma was subjected to molecular gel filtration using Sephadex G25. The free iodide contents of the plasma samples were (expressed as a fraction of total lZ5I): 1 h, 0.03 + 0.002%; 2 h, 0.03 0.007%. + 0.003%; 4 h, 0.05
Measurements of [14Clsucrose space and [ 125Z]iodide space by direct tissue analysis in dog lung
The animals were maintained on artificial ventilation and the chests were opened as in the external counting studies. A bolus of 10 pCi of [ I4C ]sucrose was given intravenously followed by a continuous infusion of [14Clsucrose at a rate of 10 pCi/h. After 40 min, 5 pCi of [12SIliodide was injected and at the end of 1 h a blood sample and tissue specimens of peripheral lung were taken. The tissue was homogenized and analysed for 
[12sZ]Zodide and [14C]sucrose spaces in rat lung
Four male rats of approximately 200 g body weight were anaesthetized by ether and a cannula was inserted into each femoral vein. Sodium chloride solution (154 mmol/l; 0.25 ml, containing 1 a 0 pCi of [14C]sucrose) was injected through one cannula and a slow drip containing [14Clsucrose (1 &i in 1 ml/h) was started through the same cannula. Twenty minutes later, 1 &i of sodium [1Z51]iodide in 0.25 ml of sodium chloride solution was injected and, after a further 20 min, blood was drawn and the lungs were removed (Prichard & Lee, 1979) . In four further animals, the procedure was identical except that the initial injection contained both [I4C lsucrose (1 pCi) and sodium [12sIliodide (2 pCi) and each study was continued for 2 h. Homogenates were analysed for I4C, 1251 and residual haemoglobin content as described above.
Results are shown in the accompanying Table  (Table 1) . The iodide space measured 20 min after injection was significantly different from the chloride space at the 5% level (by the paired t-test, t = 4.42; P < 0.05), but not from the [14Clsucrose space (t = 1-66; P > 0.05). After 2 h of equilibration, the iodide space was still not as large as the chloride space (by paired t-test, t = 5.42; P < 0.05) but had become larger than the 114Clsucrose space (t = 3-18; P = 0.05).
[125ZlZodide and [14Clsucrose space in rat lung made oedematous by alloxan Male rats were anaesthetized with ether and a cannula was inserted into each femoral vein. Alloxan (150 mg/kg) was injected intravenously together with 1.0 pCi of [14Clsucrose. A slow infusion of [14Clsucrose (1 pCi in 1 ml/h) was then started through the same cannula. Forty minutes later, 1 ,uCi of sodium ~'2511iodide in 0.25 ml of sodium chloride solution (154 mmol/l) was injected and after a further 20 min a blood sample was drawn and the lungs were removed.
Three of the eight rats died. The mean [12SI]iodide space (expressed as a fraction of extravascular water) in the five animals which survived for 1 h was 0.75 f 0.039 (n = 5) and the [14C]sucrose space was 0.71 ? 0.033 ( n = 5).
The difference was not significant (by pairedt-test, t = 1.20; P > 0.05).
